The uptake of radioactive trace metals by suspended particles in natural aquatic systems is often slow and the time constants for scavenging are of the same order of magnitude as the residence times of particles in the water column. Therefore, models simulating removal of radioactive trace metals from water to sediments in shallow aquatic systems with short particle residence times need to include sorption (i.e. scavenging) kinetics. We present a numerical kinetic transport model designed to simulate tracer movements from a well mixed water column where particles are generated by both primary production and sediment resuspension processes. Tracers are allowed to penetrate into underlying sediments by diffusion and particle and porewater mixing. All model parameters can be experimentally determined either in the ecosystem itself or in separate laboratory experiments. Model simulations of three kinds of experiments are presented: tracer diffusion in benthic flux chambers, and tracer removal in marine mesocosms and in lacustrine limnocorrals.
Over the past few years, several field studies have been made of the transport of radionuclides across the sediment-water interface in marine and freshwater systems (e.g. Schindler et al. 1980; Hesslein et al. 1980; Adler 198 1; Santschi et al. 1984 Santschi et al. , 1986 . In most of these studies, the removal of radioactive trace elements from the water column by uptake by falling particles (i.e. scavenging) and onto particles in the sediments was followed over time. Mathematical transport models in which instantaneous equilibration of radiotracers between particles and water is assumed have been used to simulate qualitatively the dif-ferent removal of tracers under summer and winter conditions in an enclosed coastal ecosystem. However, these models failed to explain quantitatively differences between different particle-reactive radionuclides and between mesocosms with different particle fluxes during the summer season. One reason for this is that the time constants for sorption (i.e. scavenging) reactions can become similar to those for removal of particles from the water column. It is likely that in these systems the tracer removal is then partially controlled by the slow kinetics of the sorption reactions onto natural particles. In laboratory sorption studies, the time dependence of trace element partitioning between natural waters and freshly collected suspended particles or sediments was investigated by measuring time series of the partition ratios Kd : &W = ~sWGv(O (1) where C, is the metal concentration in dry sediment (mol kg-') and C,+, is the metal concentration in water (mol kg-l). For many elements (among them Zn, Se, Cd, Sn, Ba, Th) Kd became constant after a few days of equilibration, whereas for elements like Mn, Co, and Fe a slow increase in Kd was observed, after the initial quasi-equilibration, with time constants of the order of weeks. 277 These slow reaction times may be caused in part by the slow coagulation of radioactively tagged colloids onto filterable particles, slow diffusion into particles, or both. The time constants that describe the sorption kinetics of Th isotopes in laboratory experiments are consistent with those determined from the disequilibrium of natural Th nuclides with their soluble parent nuelides in coastal ecosystems or the open ocean and are of similar magnitude to the particle removal rates in these systems Nozaki et al. 198 1; Santschi 1984) . If meaningful values of the transport parameters are to be gained from experiments involving whole ecosystems, it is necessary to include the slow sorption reactions in a model that simulates the transport processes controlling the fate of the trace metals. This widens the applicability of the model description of tracer movements in aquatic or sedimentary environments from that of the many previous models which assume instantaneous equilibrium adsorption (e.g. Lerman 1979; Berner 1980; Guinasso and Schink 1975) .
We describe here a numerical transport model which is based on the sorption kinetics, and which includes time-dependent parameters such as particle settling velocity, concentration or flux of particles, and depthdependent variables in sediments such as the bioturbation rate and porosity. We suggest that this numerical transport model can be used as a subroutine of a comprehensive transport model of a lake or parts of the ocean.
The versatility of the model will be demonstrated with a few examples where radionuclide movement across the sedimentwater interface has been studied under varying temporal and spatial conditions; we will focus on environmental conditions where tracer transport is controlled or even limited by the slow sorption reactions. The examples include the controlled ecosystem experiments in the MERL mesocosms (e.g. Pilson and Nixon 1980; Santschi et al. 1980 Santschi et al. , 1982 Santschi et al. , 1983a , mockups of the MANOP flux chamber (e.g. Weiss et al. 1977; Santschi et al. 1984) , and the ELA limnocorrals (e.g. Santschi et al. 1986 ). These systems are designed to replicate the biological and geochemical processes of the natural aquatic environment such as particle production, settling, resuspension, or sediment mixing. The water in each enclosure was spiked with a mixture of gamma-emitting radionuclides in a soluble acid-stabilized form, and the activity in samples from the water column (water, filtered particles, plankton, sediment trap, and wall material) and sediments, along with their physicochemical forms, was monitored over time.
The benthic chambers of the MANOP lander were designed to carry out in situ geochemical experiments on the sea floor at up to 5,000-m depth, for example measurements of elemental fluxes across the sediment-water interface. The MANOP mockup chambers used for testing and calibration experiments in the laboratory had the size of the original chambers and were operated in a dark coldroom (2"CkO. 5"). The water (ca. 10 liter) was mixed by recirculating it through a gear pump. Tracers could be injected and water samples withdrawn through special ports. The underlying sediments covered an area of 900 cm2 and were 2-5 cm thick.
The Marine Ecosystem Research Laboratory (MERL) at Narragansett Bay, Rhode Island, consists of a series of 14 mesocosms (tanks), each 13 m3 in volume and 5.5 m deep, which simulate the major features of nearby Narragansett Bay. The tanks contain water and sediments of the bay. The tidal water mixing and sediment resuspension of the bay is simulated in the tanks by a mechanical plunger in a 2-h on and 4-h off cycle. Nutrients and chlorophyll levels, as well as phytoplankton, zooplankton, species composition of benthic organisms, population densities, and bioturbation rates in the tanks are comparable to those in the bay.
Twenty freshwater limnocorrals (tubes) were installed in Lake 114 and Lake 302s at the Experimental Lakes Area (ELA) in Northwestern Ontario. The tubes consisted of nylon-reinforced polyethylene walls and were held in place by an anchored floating frame. They had a diameter of 1 m and a water column depth of 1.2 m. The top of each tube was held 30 cm above the airwater interface by the frame, and the bottom was embedded about 20 cm into the sediments or, in case of a closed bottom tube, fixed on the sediment surface. After Numerical kinetic transport model several days of natural conditioning, the tubes were spiked with radionuclides. The pH was lowered 18 days later to 4.8 by adding HCl and maintained at this level for 20 days. In some of the tubes the pH was then restored to the natural level of 6.5-7 by adding CaCO,. The chemical and physical processes controlling the movement of a trace element through the system are outlined in Fig. 1 , and the appropriate model parameters are defined in Table 1 where it is also indicated which of these are the model input parameters and how they are determined experimentally. The water body (1) is assumed to be well mixed and is separated from the sediments by a stagnant diffusive boundary film (2) with a thickness of F,. The sediment is subdivided into n horizontal layers (3 S i 9 n + 2) with a thickness of AZ. The particles, which are present in all layers but not in the film, are subdivided into particle syrface and interior to account for the different partitioning processes, e.g. sorption processes and slow transport into the particle interior. Each sediment layer i consists therefore of porewater (j = l), particle surface (j = 2), and particle interior (j = 3). The kinetics of trace element partitioning between porewater C, and particles (surface C2 and interior C,) is illustrated in Fig. 1 and represented in Eq. 2. The first-order reaction rate constants k, and k-, describe the sorption reactions and k2 and k-, the rate constants for the very slow partitioning reactions. Most of the model applications shown below are cases where such slow reaction steps do not have to be included (k2 = km, = 0). lated by the numerical transport model. In layer i the following chemical and physical processes occur: sorption-desorption reactions and mineral surface-interior transport, porewater diffusion, sediment mixing, and net sedimentation. The processes in layer 1 are: inflow and outflow, particle production, removal to the wall, sorption and mineral surface-interior transport reactions, sedimentation, and particle resuspension. Through the film (layer 2) tracer is transported by diffusion and particle sedimentation or resuspension. Definition of the rate constants given in Table 1. (pore)water:
The volume of porewater V and the mass of particles m vary with the sediment depth and are calculated from the model input parameters porosity $(z) and the densities of porewater p,,, and dry particles ps. The reaction rate constants can also be varied with depth, e.g. where changing redox conditions are simulated.
Vs=-kVC +k-mC dt 1 1 I 2;
particle surface:
-k,mC, + k-2mC3;
particle interior:
The transport processes of the dissolved tracers are diffusion across the stagnant boundary layer (2) at the sediment-water interface and porewater diffusion. In the model, the film may be taken as a real box or simply as a resistance to diffusion; the latter is most often used in our model applications. The diffusional flux across the 
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Model calculated dpm g-l Model calculated cm3 g-l film is then proportional to the gradient in Also porewater irrigation can be apthe sublayer and the molecular diffusion proached by using D, as coefficient of eddy coefficient D,. Tracer flux in the porewater diffusion instead of molecular diffusion. across the upper boundary of a sediment layer J1 is calculated in the same way as the
flux across the film (Eq. 3), but the diffusion coefficient DeK (Eq. 4) accounts for tortuos- Aller 1982) and for porewater transport due to vertical particle mixing (Dp, see below). We now focus on the transport of tracers in insoluble form and describe the particle dynamics. For a closed system (no inflow and outflow), the particle concentration in the water column C,(t) is determined by the initial concentration C,(O), the particle production rate P, the settling velocity v,, and the particle resuspension rate R (Eq. 5). The parameters P, v,, and R may be functions of time.
c,(t) = C,(O) 1 t + xi t=o s (P + R -S') dt (5) where h is the height of the water column, and S = C,v, is the sedimentation rate. The sediment mixing rate is defined as a particle exchange rate M at the upper boundary of *each sediment layer (4 9 i 5 n + 2) and may be varied with depth. This description of the sediment mixing process is equivalent to a diffusion of particles (O,) , as a corresponding volume is exchanged when particles are exchanged:
Together with the particles a proportional fraction of porewater is exchanged by benthic mixing. If the magnitude of Dp is similar to or larger than the value of D,, then the transport of the dissolved tracer in the porewater is significantly enhanced. Therefore, ep is included in the effective diffusion coefficient De, (Eq. 4).
The flux J2 of adsorbed tracer due to particle transport into the top sediment layer is given by the difference between sedimentation and resuspension of the tracer:
The tracer fluxes within the sediment are proportional to the gradient and the particle-mixing coefficient at the upper boundary of each sediment layer:
(+ flux from net sedimentation). v-9 If particle settling is not balanced by resusnension then the grid of sediment lavers is adjusted to the new sediment surface at z = 0. An additional term is included to account for the corresponding tracer transport. In case of sediment accumulation, this term is the product of net sedimentation [(S -R)A,] and the tracer concentration on particles in the overlying sediment. In principle this mechanism should also be applied to porewater transport (Eq. 3). However, as the contribution by particle mixing to porewater diffusion is usually small in our model applications, we have neglected this term. This assumption is further justified because usually only a small fraction of each tracer in the sediment is in solution.
The transport of tracer associated with the particle interior J3 is, of course, described by the same parameters for particle dynamics. The net tracer flux by transport AJ into any box is the balance of influx and outflux, AJ = Jin -Jout. The chemical reaction terms (Eq. 2, in which m and V are substituted by a "particle concentration" c,* = m/V) together with the physical transport terms (Eq. 3, 7, and 8) define the model in Eq. 9. If necessary, additional terms are included for the water column to account for inflow or outflow (I, 0) of dissolved or particulate tracer or for a possible tracer adsorption onto the wall of the enclosure (W).
(pore)water:
The model Eq. 9 is solved numerically. The time increment At used in Eq. 10 is dynamically adjusted in the model for each Nyfeler et al. iteration step in such a way that, for all boxes, the relative change in concentration between t and t + At is less than a small fraction (0.1 s 6 i 0.25) of the present concentration (Eq. 11).
At the beginning of a model simulation, the dissolved tracer is added to the water column [C, (t = 0) = Co, e.g. 100 dpm cme3]. All other boxes are empty, e.g. C = lo-l6 dpm cm-3 (for reasons of computation of the time step). However, the results of one model calculation can be used as the input for a second model run. Such consecutive model runs are used to simulate additional tracer inputs or a sudden discrete change in the value of an important chemical parameter. Lowering the pH, for example, requires the chemical reaction rate constants to be adjusted correspondingly. At the bottom the sediment may either be open or closed, i.e. it can be selected between a preset concentration of zero in an additional sediment layer (i = n + 3) and zero bottom fluxes.
As mentioned above, some model parameters may depend on time (e.g. P, R, v,, I, 0) or vary with space (e.g. 4, M, k, , k-, , k2, km2) . The time or space function of a parameter is defined by linear interpolation of a series of discrete input values sufficiently dense to approach the desired variability.
Results and discussion
Experimental data from radioactive trace element studies in different systems are now compared with model simulations. The examples will demonstrate the relevance of the sorption kinetics to controlling the fate of trace elements among the related chemical, physical, biological, and sedimentological processes. The simplest system we discuss is the MANOP chamber, with negligible suspended particles in the water column. Here a kinetic simulation is also compared with model results based on instantaneous tracer partitioning. Furthermore the influence of a hydrodynamically controlled boundary film on the removal of chemically different tracers is evaluated. In the examples of the MERL studies the behavior of a soluble and a "particle" reactive tracer is discussed. Finally the versatility of the model in simulating tracer movements under variable conditions is demonstrated in the ELA studies.
All activities reported are corrected for decay and normalized to the same date. They are represented in fractions of the initially added spike activities.
Flux experiments in the MANOP chamber-The MANOP chamber mockup system was used to study the resistance to chemical transport posed by the "stagnant" boundary layer separating sediment and water (Santschi et al. 1983b ). The data presented refer to the following experimental conditions: the water was freshly filtered seawater (S = 3Oo/oo, pH = 8.1, pore size of filter = 0.45 pm). The underlying sediments (2 cm thick) from the San Clemente Basin were freshly collected, washed, and equilibrated with the same type of seawater. Multiple radiotracer spikes (134Cs, (j5Zn, (j°Co, * 13Sn, and others) were added at the beginning of the experiment and also on day 18 and 39; 137Cs was added only once. The activity in the water was followed over time and the volume was kept constant.
As the water contains no suspended particles, the only removal mechanism is direct uptake of radiotracers by the undisturbed sediments. Removal from the water column is therefore controlled by the "stagnant" boundary film, diffusion in the porewater, and the kinetics of sorption and desorption. Figure 2A gives an overview of the model calculations for 137Cs removal; the parameters used are indicated in Fig. 2B . The first point to note is that the concentration in the water (C,JC,,," dashed line) initially decreases almost exponentially as a consequence of the limiting film resistance. But as the concentration gradient across the film decreases sharply (after 5 days it is < 10% of its initial value), the rate of removal becomes controlled by diffusion and sorption processes within the sediments. At this time the porewater concentration in the top sediment layer (dotted line) approaches that in the water column. A further point to note is the time dependency of the partitioning ratio Kd Fig. 2 . A. The results of a kinetic model run simulating the removal of 137Cs from a MANOP mockup chamber (area 900 cm2, 2 cm of sediments, 12 cm of overl$ng water), stirred by recirculating water (50 cm3 min-' from the top). The model parameters have been determined experimentally and are the same as in panel B. B. The removal of 13'Cs from :he MANOP mockup chamber is compared to model runs using either the kineiic transport model or an equilibrium model with the same values for Kd and the otter parameters. sediment layer a constant partitioning is achieved after 3 days, whereas equilibration in the bottom sediment layer is significantly slower. This can be explained by the kinetics of sorption: initially, the net transport of tracer downward by diffusion is faster than the net sorptive flux onto the particles of the layer being considered. This in turn affects both the elimination of tracer from the water and the shape of the sediment profile.
In Fig. 2B we compare our kinetic model calculation (dashed line) with an equilibrium model calculation (solid line) using the model of Adler (198 l) , which has a very similar box and flux structure to ours except that it does not differentiate the particles in surface and interior. The important dissimilarity is that in Adler's model a constant and instantaneously attained distribution coefficient is assumed. In both model calculations the same parameters were used except those describing the partitioning of 137Cs. The kinetic model uses *k, = 240 cm3 g-l d-l and k-, = 1 d-l, whereas in the equilibrium model Kd = 240 cm3 g-l is applied (values that were previously determined: Nyffeler et al. 1984 ). The same result (i.e. equilibrium distribution) can be obtained by increasing the measured kinetic sorption rate constants by a factor of 100. The experimental data elucidate the effect of sorption kinetics and its relevance in short term experiments. During the early time when removal is limited by the film, and after reaching equilibrium in partitioning (t * 60 days) within the whole sediment, both models predict the same removal. For the period in between, however, the kinetic model shows the slower tracer elimination expected because the apparent Kd is lower than the equilibrium value. The slower sorption than that of the equilibrium calculation also reduces the length of time that tracer removal is controlled by diffusion across the film. In the kinetic case, the porewater concentration in the top-layer sediment increases faster than in the case of instantaneous equilibrium. The major effect of slow sorption kinetics on the sediment profiles is the faster penetration of the tracer into the porewater, creating a somewhat smaller gradient dC/dz.
The length of time that tracer removal is limited by a "stagnant" film depends on the partitioning ratio &. For example, the removal of 65Zn, with a higher Kd than 13'Cs, remains exponential for a longer period (Fig.  3, cf. Fig. 2B ). For 6oCo [&(Co) 2 &(Zn)] the Kd remains a function of time during the whole experiment; as k2 is >O, the removal is limited by the film thickness throughout the experiment (Fig. 3) . Both tracers were repeatedly injected into the water. The model curves had only one adjustable parameter, the film thickness, which is related to the mixing rate in this chamber. Since the latter was changed during the experiment, the turbulence conditions changed between experiments b and c. Both data sets are consistent with a value of 0.75 mm for the film thickness at a flow rate of 100 cm3 min-l and 1.5 mm at 50 cm3 min-I. These film thicknesses at a given flow rate are within the range published by Santschi et al. (1983b) .
The good correspondance between calculated and observed removal further confirms the validity of the reaction rate constants for the sorption processes (Fig. 3) as determined in separate experiments carried out under the same physical conditions . This enabled us to apply the model to the interpretation of the **Na results of the first MANOP lander deployment in 198 1 (Santschi et al. 1984) and to handle the problem of chamber leakage during the recovery of the lander after the 4-day experiment.
The MANOP chamber system is a simple microcosm compared to the MERL and ELA experiments discussed below. In these, changes in physical conditions (temperature, sedimentation, sediment mixing processes) and biological activity (production of organic matter, bioturbation) had to be included in the model as they are expected to exhibit short term (5 1 day) variations.
Studies in the MERL mesocosm-From application of the model to the MERL mesocosm tank experiments we expect to gain insight into the coupling of the related processes controlling tracer transport over the time scales of an experiment. Although perfect fit to experimental data does not prove that processes assumed in the model actually occurred, the model predictions are nevertheless very useful in identifying the circumstances under which tracer transport is controlled and limited by the sorption kinetics. We will discuss here attempts to model a time-dependent distribution within the web of coupled processes and present examples of tracers with low and high particle reactivity. The major transport of a tracer with low particle reactivity such as 134Cs is by penetration into the surface sediment. That of a tracer with high panicle reactivity such as l 13Sn is conveyor-belt removal by falling particles in the water column. A full series of measurements of each model parameter is available, either from that particular experiment or from ether MERL tank experiments at the same time of year (Adler 198 1; Santschi et al. 1382; Santschi unpubl. results) . The values nsed to simulate the experiments are summarized in Table 2 .
Adler (198 1) described an in situ distribution ratio Kd Fig. 4 . Fig. 4 . KJz) as a function of time for typical sumKJz) as a function of time for typical summer conditions is compared to K&z) values measured mer conditions is compared to K&z) values measured by Adler (198 1) for a sediment core, taken 90 days by Adler (198 1) for a sediment core, taken 90 days after the initial spike was added to the water. The modafter the initial spike was added to the water. The model parameters are summarized in Table 2 . The kinetic el parameters are summarized in Table 2 . The kinetic model produces the same model produces the same 134Cs removal from the water 134Cs removal from the water column and penetration into the sediment as the equicolumn and penetration into the sediment as the equilibrium model. Discussion given in text. librium model. Discussion given in text.
in [1979] [1980] . It is unlikely that strong gradients in the sorptive capacity of particles can be maintained under such intensive sediment mixing. We attempted, therefore, to investigate the effect of the slow sorption rate on the apparent variation of Kd with depth for 90 days after spike addition to the tank water, when the sediment core was taken. The kinetic model calculated a curve for removal (C,/C,O) and penetration into the surface sediments similar to that of the equilibrium model using the same sediment mixing parameters. As shown in Fig. 4 , the K&z) after 90 days decreased slightly with depth, but the magnitude of the decrease produced by the model is smaller than that observed ( 10% instead of -50% over a depth interval of 10 cm). However, the mixing regime is often not random as was assumed in the model. Adler indicated that porewater mixing was enhanced by an order of . The effects of sorption kinetics and particle dynamics on the removal of "particle-reactive" isotopes such as 1*3Sn are shown. Discussion given in text. magnitude over molecular diffusion over a depth interval of 5 cm or more and that particle mixing was greatly accelerated along worm tubes, producing complicated mixing functions for both solutes and particles with depth. For example, porewater flushing through worm tubes of z 2 10 cm a few weeks before the core was taken could easily have produced the observed decrease in Kd(z) down to lo-cm depth shown in Fig.  4 . In contrast to the distribution ratio, the overall removal of 134Cs from the water column was probably not greatly influenced by these finite sorption rates in the sediments but could have been modeled as well by assuming equilibrium distribution.
A more convincing example of the importance of the slow sorption onto particles is the removal of "particle-reactive" tracers from a coastal water column. The residence time (7J for such a tracer, which is mainly removed by falling particles, is related to the residence time of the particles (TP = particle standing crop/particle flux): 7, = VI& (12) withf, the fraction of tracer on particles = JTKA and rp = C'h/& with FP the particle flux.
(13)
In coastal embayments and estuaries, the particle flux is mainly composed of particles resuspended from surface sediments.-In this case, a trace element can be removed from the water only if the apparent distribution ratio Kd of the suspended particles is higher than the Kd value of the surface sediments. This condition can be established by bioturbation, which occurs throughout the year. If any tracer reaching the sediment surface is quickly diluted by sediments from deeper layers, then the net effect of sediment mixing on the trace element partitioning of particles leaving the sediments is that the apparent value of their Kd is lower than that of the particles returning to the sediment. The fraction of tracer removed with particles then becomes a function of the difference of the Kd in the water and in the surface sediments.
Our model simulates such a situation: if the time scales of sorption processes are not significantly shorter than the particle residence times, tracer removal becomes limited by the rates of sorption. To illustrate the importance of sorption kinetics for trace element removal from a coastal water column, we have modeled the metal removal for variable particle resuspension rates using typical values for the other parameters. First we will present a theoretical example, and then we will validate our assumptions and conclusions with results from actual measurements.
Mixing and sedimentation parameters (DP, Cp = S/v,, R = $) used in the model simulations (Fig. 5 ) are similar to those measured in MERL tanks and Narragansett Bay (Adler 198 1; Santschi et al. 1983a) for typical summer conditions. We have used an average Kd for particle reactive metals of 2 x lo5 cm3 g-l . To demonstrate the minimum effect of sorption kinetics, we have chosen maximum values for the kinetic constants (*k, = 2 x lo5 cm3 g-l d-l, k-, = 1 d-l), so that any significant limitation of the trace metal removal rate predicted by the kinetic model using these conservative estimates for the rate parameters will be relevant to the real system; the effect will be even more pronounced in real systems for any trace metal with slower sorption kinetics than used in this example.
The range of particle resuspension rates lies between 5 x 10d4 and 2 X 1O-2 g cmd2 d-l in the model simulations. To maintain a constant particle concentration in the water column, we modeled the particle settling rates to vary inversely with the particle resuspension rates. We have chosen this approach, which at first seems contrary to intuition, to be consistent with the observed particle dynamics in MERL experiments, where measured increases in R of several orders of magnitude caused less than a twofold increase in Cp (see below). Particle settling velocities may be enhanced under conditions of increased resuspension by the filtering action of benthic organisms. Furthermore, increased water shear under conditions of higher resuspension will accelerate the coagulation of small particles into more rapidly settling larger aggregates. Trace metal removal from the water column of this hypothetical system is sensitive to the particle flux (F,) to only a limited extent due to the relatively slow rates of adsorption on settling particles. Comparing model runs 4 and 5 in Fig. 5 , we see that increasing R above 5 x 1O-3 g cm-2 d-l will not cause any further increase in the metal removal. At any higher values of R, the apparent Kd in the water column increases more slowly due to the finite adsorption rate, which is just enough to compensate for the increased particle flux so that the overall rate of metal removal becomes invariant. We must emphasize here that such a kinetic limitation of tracer removal is different from a kinetic limitation in the absence of particle mixing in the sediment. In the case described here, with benthic mixing, the initial removal rate becomes controlled by the slow sorption kinetics in the water column, whereas in the case of no benthic mixing, tracer removal from the water would quickly cease independently of increased resuspension or sorption rates and a constant equilibrium concentration would be attained in the water column.
It is very likely that the situation described here, where sorption kinetics is the slowest reaction in the overall removal process, is widespread in coastal areas, since . l ?%i removal from a MERL mesocosm tank and effective Kd values for settling particles are compared with model predictions using measured values of particle resuspension rates, particle concentrations, sediment porosity, "stagnant" film thickness, typical values of particle-mixing rates, and sorption kinetics (*k, , k-1). The effect of varying the latter two rates on tracer removal curves and Kd values is shown for tanks MO and MQ. Mixing of surface sediment accomplished only through animals that feed from uncontaminated subsurface sediments and excrete them at the surface and thus make them available for resuspension would result in curve 4. It correctly predicts a maximum in Kd after 7-10 days. The values for the parameters used in the different model runs are given in Table 2. sediment resuspension rates there can be even higher and particle residence times thus shorter (due to storms and tides) than in our example, and since tracer sorption kinetics can be even slower than assumed here. For example, for Th isotopes, inverse sorption rate constants up to 10 days have been observed in Narragansett Bay (Santschi et al. 1980 ) and effective residence times of 5 h or less for particles caught in sediment traps have been measured in the MERL tanks (Santschi et al. 1982 .
More details can be provided from a series of radiotracer experiments carried out in spring 1982 in MERL mesocosms. The initial half-removal time of l l 3Sn in a tank where R was increased by one order of magnitude (MQ in Table 2 ) was only half of that in a control tank (MO in Table 2 , cf. Fig.  6 ) rather than being 10% of the removal rate in the control tank as would be expected if adsorption kinetics were fast compared to the particle residence time. The particle concentration in the experimental tank was only about twice that of the control (Table  2) , supporting our assumption above that the particle settling rate increases nearly enough to compensate for the higher resuspension rate, although not quite enough to maintain a constant particle concentration. Experimental data for tanks MO and MQ are compared in Fig. 6 to model simulations generated with parameters measured during this or previous experiments (Table 2) .
A limited sensitivity analysis for various parameters follows. The model runs attempt to simulate simultaneously the measured KJt) of sediment trap material in the water column and the 'removal rates of the radionuclide, C,(t)/C,O. The following simplifying assumptions were made in these calculations, based on observations made during earlier experiments: First we assumed that the observed Kd of 1 13Sn on suspended particles (filter experiments) is equal to Kd (t = infinity). The desorption rate km1 was varied between 0.2 and 1 d-l, typical values derived from batch experiments . Since the vertical flux of newly produced suspended particles (i.e. plankton) is only 5 x 1 Od5 g cm-2 d-1 as determined in separate primary productivity experiments in control tanks, its contribution to the total vertical particle flux (measured with sediment traps to be >= 5 X 1 Oa4 g cm-2 d-l in winter and B 5 x 1 OV3 g cm-2 d-l in summer: Santschi et al. 1983a) is negligible. The vertical flux of radiotracers moving with these newly formed particles was estimated from the same productivity experiments to be ~30% of the total vertical tracer flux. Therefore that contribution was neglected as a second simplification. The benthic mixing rates were allowed to vary between lo-* and lo-' cm2 s-l, typical values for spring and early summer conditions. All other parameters are based on actual measurements during the experiment.
In these simulations the kinetic transport model generally predicts correctly (Fig. 6 ) that the Kd measured on resuspended sediment materials collected in sediment traps is smaller than the Kd (t = infinity) estimated from the specific activity of particles collected by filtration and that the Kd(t) increases with time but does not reach Kd (t ,= infinity). The removal rate of the tracer from the water column is also in accordance with the experimental data. The main purpose of the model fits in Fig. 6 is to show that this approach is fruitful and gives insight into the interplay of adsorption and particle cycling. No rigorous attempt was made to optimize for best fits to the data. Since all input parameters are not known equally well, different ideal combinations of parameters (varied within a factor of up to 2) can result in similar model curves. However, any attempt to model the removal of a "particlereactive" tracer by assuming instantaneous equilibration would grossly over-predict the removal rate (Fig. 6, tank MQ run 6) .
The sensitivity analysis of the model curves in Fig. 6 reveals some interesting features. The rates of removal C,,, = C,,,(t), and Kd(t), for l13Sn in the water column of a MERL tank are quite sensitive to the rates of particle mixing in the surface sediments in the experiment (tank MO run lb vs. run 3). Furthermore, slightly different values for CP, *kl, k+, R or v, by +20% of their respective values do not change C,,,(t) and Kd(t) by much (tank MO, run la vs. 1 b). Larger differences in parameters (e.g. *ky , k-, in Fig. 6 , tank MO, run 2 vs. 3) would, however, significantly alter the resulting removal rate and Kd(t). Because temperature increased during both experiments, resuspension rates of surface sediments and settling velocities increased strongly, and particle concentrations increased slightly with time. There is no reason to assume that benthic mixing rates would remain constant during such a warming-up period. On the contrary, it is known that resuspension rates and benthic mixing rates are coupled (Rhoads et al. 1978) . Curve 2 in tank MQ (Fig. 6) shows a model run where the benthic mixing rate increases from DP = 1.2 x 1O-8 cm2 s-l at t = 0 to DP = lo-' cm2 s-l at t = 30 days, proportional to concomitant increases in R. A considerably improved model fit is produced that way. Observed tracer profiles that show subsurface maxima and surface minima (e.g. Fisher et al. 1980; Santschi et al. 1983a) indicate that benthic mixing often is not eddy-diffusive as assumed in the model but dominated by single mixing events along vertical worm tubes. Model curve 4, tank MQ (Fig. 6) shows therefore a case where benthic mixing would be accomplished by moving uncontaminated subsurface sediment to the surface, diluting the tracer concentration on surface sediments and resuspended sediments accordingly. This was mathematically simulated by assuming an increasing sedimentation rate equal to the resuspension rate. A temporary maximum in KJt) Table 2. tern between day 10 and 15 for l 13Sn and later in the experiment for other radionuelides (e.g. 54Mn, 6oCo, 5gFe, 65Zn, . . . ) not shown here.
In conclusion, the model calculations clearly demonstrate that removal of "particle-reactive" radionuclides can become controlled by the relatively slow sorption of the radiotracers on falling particles in addition to the rates of sediment resuspension and mixing. This would be the case particularly in coastal waters, where the rates of sorption are slow compared to the particle removal rates. Any model ignoring this feature would fail to extract realistic transport parameters from such an experiment.
ELA limnocorrals-This example is given to demonstrate the versatility of the transport model rather than the importance of sorption kinetics. The purpose of the experiment was to study the mobility of radioactive and stable trace metals under natural (pH 6.5-7) and acidified (pH 4.8) conditions; in Fig. 7 the field data of the acid-base titration of one limnocorral (tube 1) are compared with our modeling approach. The experiment involved equilibration of the isotopes with all the phases for 18 days, after which HCl was added to the system. The kinetic parameters for sorption at pH 6.5-7 and pH 4.8 were determined independently in batch experiments in the laboratory. The reduction in the distribution ratio Kd for some metals (e.g. 65Zn, 54Mn, 6oCo, and others) by reducing the pH initiated a back-diffusion of these metals from the sediments into the overlying water. Other metals (e.g. 134Cs) showed little decrease in Kd at lower pH, and these metals did not return much to the water upon acidification. After the period of acidification the pH was restored to 6.5-7 by adding CaCO,, and metals like Zn were again returned to the sediments. All other parameters of the model are based on in situ meaurements, such as the particle flux (F,) and concentration (C,), and the "stagnant" boundary film thickness F,. The model has to explain both the tracer removal curve c, = C,,,(t) from the water and the tracer penetration into the sediments.
The examples shown here (134Cs and 65Zn) illustrate that the model can satisfy both conditions with a maximum uncertainty of a factor of two for each parameter. For example, the removal of the "soluble" tracer 134Cs is sensitive mostly to the film thickness, the benthic mixing rate, and the mixing depth. The same removal curve can be produced by either a thin film (0.1 cm) and no benthic mixing or by a thicker film (0.2 cm) and a particle mixing rate of 10e8 cm2 s-l (cf. curves 1 and 2b for Cs in Fig. 7) . However, the sediment profiles of 134Cs (as well as of 65Zn and other isotopes not shown) can only be explained by significant benthic particle mixing. The parameters assumed in the model simulations shown in Fig. 7 (Table 2) are further constrained by the observed rates of removal and back-diffusion of 65Zn. This isotope is removed by both particle settling and direct sorption at the sediment-water interface, and its removal rate is thus also sensitive to the particle flux and settling velocity. Its back-diffusion rate, on the other hand, is sensitive mostly to the sediment mixing rate at the given distribution ratio. The fraction of Zn removal attributed to adsorption onto falling particles is compatible with the observed removal rates in tube 1 of more "particlereactive" tracers such as 5gFe and with the removal rates of65Zn in tubes without sediments (Santschi et al. 1986) . A consistent set of parameters could thus be obtained which explains the cycling of radionuclides with different chemical properties under varying environmental conditions.
The above example thus clearly demonstrates the versatility of the kinetic transport model in its ability to predict trace metal behavior in an aquatic system from fundamental input parameters.
Conclusions
The model presented here is capable of simulating the removal of radiotracers from the water of enclosed shallow aquatic systems, their penetration into sediments, and the remobilization of the tracers from the sediments. The basis of the model is a kinetic description of trace element partitioning in terms of experimentally determined sorption (i.e. scavenging) rate constants. Most other model input parameters are also experimentally accessible. The input parameters can be set to vary with depth (e.g. the sorption rate constants in the water column and the sediments, sediment porosity, and particle mixing rate), or with time (e.g. particle production rate, particle settling rate, sediment resuspension rate, particle concentration in the water column, sediment area, mean depth of the water column, inflow and outflow rates, and wall adsorption rate), or they can be independent of space and time for a model run (e.g. stagnant film thickness and molecular diffusion coefficient). Repeated changes in experimental conditions (such as acid-induced changes in sorption rate constants or repeated injections of tracers) can be simulated by consecutive model runs. The model output parameters are the concentrations and the distribution ratio as functions of time and space.
The validity of the model was tested by simulating the extreme cases of a thin water column with large particle fluxes (ELA), a thick water column with small particle fluxes (MERL), a thick water column with large particle fluxes (MERL), and a case of fast tracer sorption rates approaching the situation of equilibrium adsorption (ELA), which can also be calculated analytically for either sediment or water column distribution.
Radioactive tracers can play the role of arbiters in identifying the controlling chemical and physical processes in the ecosystems. With their use we have identified conditions where sorption kinetics control or limit the transport of radionuclides in shallow aquatic systems. Removal from the water column and penetration into the sediment of more soluble isotopes such as 134Cs are influenced by the slow sorption kinetics.
A depth-dependent distribution ratio Kd in the sediments would be predicted by the kinetic model for the period before the system reaches steady state; such a depth dependence has been observed by Adler (198 1) in the sediments of MERL tanks. In situations where particle residence times are shorter than the time scales of the scavenging reactions, as in shallow coastal marine 
